Neutron versus Gamma Radiation Effects on Ytterbium-doped Optical Fibers by Borman, Olivia M.
Air Force Institute of Technology
AFIT Scholar
Theses and Dissertations Student Graduate Works
3-24-2016
Neutron versus Gamma Radiation Effects on
Ytterbium-doped Optical Fibers
Olivia M. Borman
Follow this and additional works at: https://scholar.afit.edu/etd
Part of the Nuclear Engineering Commons
This Thesis is brought to you for free and open access by the Student Graduate Works at AFIT Scholar. It has been accepted for inclusion in Theses and
Dissertations by an authorized administrator of AFIT Scholar. For more information, please contact richard.mansfield@afit.edu.
Recommended Citation
Borman, Olivia M., "Neutron versus Gamma Radiation Effects on Ytterbium-doped Optical Fibers" (2016). Theses and Dissertations.
331.
https://scholar.afit.edu/etd/331
GAMMA VERSUS NEUTRON RADIATION
EFFECTS ON YTTERBIUM-DOPED
OPTICAL FIBERS
THESIS
Olivia M. Borman, Captain, USAF
AFIT-ENP-MS-16-M-057
DEPARTMENT OF THE AIR FORCE
AIR UNIVERSITY
AIR FORCE INSTITUTE OF TECHNOLOGY
Wright-Patterson Air Force Base, Ohio
DISTRIBUTION STATEMENT A
APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED
The views expressed in this document are those of the author and do not reflect the
official policy or position of the United States Air Force, the United States Department
of Defense or the United States Government. This material is declared a work of the
U.S. Government and is not subject to copyright protection in the United States.
AFIT-ENP-MS-16-M-057
GAMMA VERSUS NEUTRON RADIATION EFFECTS ON
YTTERBIUM-DOPED OPTICAL FIBERS
THESIS
Presented to the Faculty
Department of Engineering Physics
Graduate School of Engineering and Management
Air Force Institute of Technology
Air University
Air Education and Training Command
in Partial Fulfillment of the Requirements for the
Degree of Master of Science in Nuclear Engineering
Olivia M. Borman, BSEE, BA
Captain, USAF
March 2016
DISTRIBUTION STATEMENT A
APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED
AFIT-ENP-MS-16-M-057
GAMMA VERSUS NEUTRON RADIATION EFFECTS ON
YTTERBIUM-DOPED OPTICAL FIBERS
THESIS
Olivia M. Borman, BSEE, BA
Captain, USAF
Committee Membership:
Lt Col Briana J. Singleton, Ph.D.
Chair
Dr. John W. McClory
Member
AFIT-ENP-MS-16-M-057
Abstract
Multimode ytterbium-doped optical fibers (YDFs) are increasingly utilized in mil-
itary applications involving fiber lasers and amplifiers. YDFs were irradiated with
three different radiation sources (neutron, gamma, and mixed gamma/neutron) in
order to determine the independent effects that gamma and neutron radiation have
on the fibers. The transmission spectra of the fibers were measured during each ir-
radiation and the spectral shapes and attenuation were compared at similar doses.
Comparisons of the spectra showed that gamma radiation results in increased atten-
uation over the 550-975 nm wavelengths. Fast neutrons were found to contribute
to increased attenuation near 500 nm. Neutron radiation also caused up to twice
the amount of radiation induced absorption that gamma radiation did over all wave-
lengths in the spectrum measured from 500-1100 nm at the same dose. The spectrum
from 980-1100 nm was the same shape between the fast neutron and gamma-only irra-
diations. This indicates that a 60Co source could potentially be used to approximate
the effects on the operating range of YDFs resulting from fast neutrons.
A recovery prediction model was also applied and evaluated against actual recov-
ery data. It was found to be unreliable as an accurate predictor of the initial (∼15
minutes) recovery of YDFs exposed to a dose rate of 65 krad(Si)/hr neutron and 9
Mrad(Si)/hr gamma. By adjusting one parameter in the model to account for the
initial faster rate of recovery, the model was able to closely approximate the recovery
of the fibers after longer irradiations out to longer recovery periods.
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GAMMA VERSUS NEUTRON RADIATION EFFECTS ON
YTTERBIUM-DOPED OPTICAL FIBERS
1. Introduction
1.1 Motivation
Fiber optic cables are highly desirable for use in military applications due to their
immunity to electromagnetic interference, relative security from eavesdropping, abil-
ity to span long distances without repeaters, low cable weight, ruggedness, and ability
to transmit multiple signal types [1]. These qualities make optical fibers preferable for
use over electrical cables, however, their increased sensitivity to radiation mandates
testing and characterization be performed prior to their use in a nuclear environment.
Ytterbium (Yb)-doped optical fibers (YDFs) are of special interest to the military
for use in fiber lasers and amplifiers. Due to the potential for exposure to a low or
high flux of neutron and gamma radiation in military operations, it is important to
characterize changes in the operation of Yb-doped fibers during and following gamma
and neutron irradiation. Discerning any differences between neutron and gamma
radiation effects provides valuable information on the feasibility of using optical fibers,
and their expected performance, in nuclear operations. Demonstrating a correlation
between gamma and neutron effects at similar total doses or dose rates may also
allow future testing to be done using only a gamma source, which is cheaper and
simpler than operating a reactor. Establishing a correlation between gamma and fast
neutron radiation specifically has special implications as fast burst reactors capable
of simulating the radiation output of nuclear weapons are decommissioned.
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1.2 Background
Low loss optical fibers have been around since the 1970s, but it wasn’t until the
1980s that RE-doping of optical fibers was demonstrated, and in 1987 the first fiber
amplifiers were demonstrated [2] [3]. Fibers used in amplifiers are manufactured with
cores that contain small amounts of rare-earth (RE) elements, called dopants, which
can be stimulated to emit light. Amplifiers work in specific spectral bands, which are
determined by the type of dopant in the fiber [2]. Erbium-doped fiber amplifiers have
been the most extensively studied, however, the use of ytterbium as the RE dopant
has gained in popularity due to benefits of its energy structure over erbium. The
focus of this thesis will be Yb-doped fibers, which operate as fiber amplifiers/lasers at
wavelengths from 1030 to 1120 nm. As a result there is special interest in the effect
that radiation has on the fiber’s transmission in that wavelength range.
Yb-doped fibers, as well as other RE-doped fibers, have demonstrated greater
sensitivity to gamma and mixed gamma/neutron radiation than un-doped fibers.
This is due to impurities in the rare-earth elements, as well as smaller amounts of
other dopants included (e.g. Al, Ge, P) to optimize the fibers for amplifier or laser
applications [4]. When radiation interacts with the materials in the fiber, defects
such as color centers can be created. Color centers are point defects that result
in absorption of light, and therefore degrade the power of the signal that is being
transmitted. This overall effect is also known as radiation-induced attenuation (RIA).
Color centers can be temporary or permanent. Studies have shown that the color
centers may anneal within minutes after irradiation, or can incur permanent damage
to fiber operation. The overall damage is dependent on total dose rather than dose
rate [5] [6].
Past research has been done to characterize the degradation of various types of
optical fibers as a result of gamma, mixed gamma/neutron, proton, and neutron
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only irradiation over a wide range of doses and dose rates. Radiation effects on
optical fibers have been studied for many nuclear power plant applications, as well as
space and fission reactor and fusion environments, at combined total dose and dose
rates non-representative of nuclear weapon effects [7]. Recent research has been done
by Singleton to characterize the effects of radiation on YDFs and ytterbium doped
fiber amplifiers (YDFAs) at doses and dose rates representative of nuclear weapon
output [6].
1.3 Research Objectives
The research had the goal of evaluating the effects of gamma only, neutron only,
and mixed gamma/neutron radiation on passive YDFs. The data was collected by
irradiating fibers with a 60Co source and in reactor environments with differing fluxes
and spectrums of neutrons. The data from the experiments was then used to discern
whether there is a significant difference in damage to YDFs due to gamma versus
neutron radiation. The other objective was to collect recovery data and determine
the factors that contribute to the recovery speed of the fiber. A prediction model was
also run and compared to the actual recovery data.
1.4 Previous Studies
Recent studies have shown that fibers irradiated with high energy (20 MeV and
180 MeV) neutrons only degraded weakly [5]. The flux density of the neutrons during
this experiment only ranged from 0.3 to 5×105 n/cm2/s. There have also been at least
three studies done to directly compare the effects of gamma and neutron irradiation
on phosphorous (P), germanium (Ge), and fluorine (F) doped fibers. Two studies used
14 MeV neutrons and gammas from a 60Co source. In the first study the comparison
revealed that before a certain total fluence of neutrons is received, the same dose of
3
gamma irradiation causes 2.5 to 4 times higher loss, however, after a certain fluence
is reached the loss is roughly the same, and at very high fluences, neutrons will cause
more damage than gammas of the same dose. Fibers measured included one RE-doped
fiber and multiple silica based fibers. Only two wavelengths of light, however, were
used for this study at 830 and 1303 nm [8]. The second study showed that gamma
and neutron irradiations lead to the same defect generation in Ge and F-doped silica
based optical fibers. It also determined that losses from neutron irradiation could be
either higher or lower than losses from gamma radiation at the same dose. This result
was deemed to be due to measurement uncertainties [9]. The third study examined
loss spectra of radiation-hard fluorine (F)-doped optical fiber irradiated at neutron
fluences of 1017 n/cm2, 1016 n/cm2, and 1015 n/cm2, and gamma-ray doses of 1 MGy,
5.5 MGy, and 3 MGy. The results indicated that neutrons mixed with gammas
contributed to an increase in loss over gamma-only irradiation at some wavelengths
in the visible spectrum [10].
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2. Theory
The chapter includes information about the composition of Yb-doped optical fiber,
the operation and performance of Yb-doped fiber amplifiers (YDFAs), and defects
intrinsic in silica optical fiber and those introduced by irradiation. Previous results
of gamma and neutron irradiations on various types of optical fiber are also included
as part of the theory on radiation effects.
2.1 Optical Fiber Overview
Fiber optic cables operate by transmitting information signals in the form of light.
The individual optical fibers are typically made of silica glass (SiO2), and at the basic
level consist of a glass core and cladding. The core is the inner portion of the fiber
that guides the light, while the cladding surrounds the core. The cladding has a lower
refractive index than the core and a higher refractive index than air, which is what
enables the phenomenon of total internal reflection to occur [2]. As a result of total
internal reflection, optical fibers are able to transmit light over long distances without
significant signal loss. The relationship is given by
nclad < ncore
θc = sin
−1 nclad
ncore
(1)
where θc is the critical angle, nclad is the refractive index of the cladding, and ncore
is the refractive index of the fiber core. Light entering the fiber at an angle greater
than or equal to θc will experience total internal reflection.
Fiber optic technology as a means of long distance communication was thought
to be non-viable for a time until it was discovered that low loss could be achieved by
reducing the number of impurities and defects in the glass fiber material. Ordinary
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glass absorbs too much light for effective use in optical fibers due to the many impu-
rities it contains. The critical impurities that absorb light are iron, copper, cobalt,
nickel, manganese, and chromium. These absorb light from about 600 to 1600 nm
and must be reduced to one part per billion. Modern fibers use fused silica, or an
extremely pure form of SiO2, in order to make extremely clear glass. Pure SiO2 has
virtually no absorption wavelengths from the visible to about 1600 nm in the near
infrared portion of the spectrum. Even with pure SiO2, however, some defects can be
introduced into the fiber during the manufacturing procedure and the treatments to
the fiber that occur later [2].
Composition and Defects.
Optical fiber cores are typically made from pure amorphous silica (a-SiO2), shown
in Figure 1, which can be doped with RE elements such as Yb. The amorphous nature
of SiO2 means that is lacks periodicity, extended symmetry, or any long range order.
The ideal and most generally accepted structural model for a-SiO2 is the continuous
random network (CRN). In this model there is short range order, with each Si atom
at the center of a regular tetrahedron and four O atoms at the vertexes. Each O atom
binds to two Si atoms and bridges the tetrahedra. The angle, α, may vary, resulting
in a distribution of SiO4 tetrahedra at random orientations [11].
Pre-existing defects in the fiber inherent to the material and resulting from the
manufacturing and treatment process are called precursors. These defects can be
classified as intrinsic and extrinsic. Intrinsic defects are those that are due to irregular
arrangements of the Si and O atoms in SiO2. Specific intrinsic defects in silica include
the neutral oxygen vacancy (O≡Si-Si≡O), the peroxy bridge (O≡Si-O-O-Si-≡O), the
non-bridging oxygen hole center (NBOHC, O≡Si-O*), the tricoordinated silicon (E’
center, O≡Si*), and the twofold coordinated silicon(O=Si**) depicted in Figure 2.
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Extrinsic defects are impurities, or atoms differing from Si or O, that exist in the SiO2.
These impurities are usually introduced as a result of the manufacturing process [11].
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O 
O 
O 
O 
O 
Figure 1. Representation of the basic constituent of the CRN structure of amorphous
silica.
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Figure 2. Various point defects of amorphous silica. Arrows indicate electron spins in
the orbitals. Recreated from [11].
Fiber Types.
Fibers can be manufactured with various elements incorporated into the core or
cladding depending on the fiber’s intended use. Uses for optical fiber include commu-
nications, replacing copper wiring in various systems, and specialty applications such
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as fiber amplifiers and lasers, to name two. Typical cross sections for two different
types of optical fibers are shown in Figure 3. Communications fibers have round core
and cladding cross sections and a single cladding, while most RE-doped fibers have
a non-round cladding cross section, as well as a second outer cladding. There are
also different modes of fiber that can be used: single mode and multimode. Modes
describe the distribution of light energy across the fiber [2].
A single mode fiber requires that the core be small enough to restrict signal trans-
mission to a single mode, and is typically used in telecommunications. The single
mode of transmission avoids dispersion, noise, and other effects caused by multimode
transmission. Single mode fiber can carry signals at the highest speed, and so are
ideal for long-distance applications [2].
Multimode fibers have a larger core that can carry multiple signal modes and are
used for communication over short distances, such as within a building or an electronic
system to replace electrical wiring or cabling. For the purposes of this study, only
multimode fibers will be irradiated.
RE-doped fibers are a kind of specialty fiber used in fiber amplifiers and fiber
lasers. Light is pumped into the RE-doped fiber at a wavelength adequate to excite
the RE atom to a higher energy level. The RE atom will stay at the higher energy
level unless the energy level is short lived (about 10−8 or 10−9 s lifetime [12]), in which
case the atom will relax to a lower, longer lived (metastable) energy level. The atom
will sit at the metastable energy level with the extra energy for a long time, relative to
a 10 ns atomic standard, waiting to be stimulated. A second light source (i.e. signal
light) can then stimulate the atom to de-excite and release the energy in the form
of a photon at the exact same wavelength and in the same direction as the photon
that stimulated the emission, resulting in amplification of the light. If the atom is
not stimulated it will eventually undergo spontaneous emission and release a photon
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that is not necessarily at the same wavelength or going in the same direction as the
signal photons. The most common RE dopant up until recently has been erbium due
to its popular amplification wavelengths (1530-1620 nm). Ytterbium has gained in
popularity due to the benefits of its energy structure (described in greater detail in
section 2.2). It amplifies light from around 1060-1120 nm. Some other popular RE
elements and their amplification wavelengths are praseodymium (1310 nm), thulium
(1450-1500 nm), and neodymium (1047-1062 nm) [2].
Protective Coating 
(plastic)
Cladding (glass)
Core 
2( )SiO
Protective Coating  
Active Core
Multimode Pump 
Cladding
Outer Cladding
Figure 3. Cross section for a single clad fiber on the left. Cross section for a double
clad doped fiber on right.
2.2 Ytterbium-Doped Fiber Amplifiers
In order to create a fiber amplifier, the optical fiber must be doped with a RE
element that can be stimulated to emit light. An optical fiber doped with Yb or
another RE element will amplify a signal if the pump light is at a wavelength that
corresponds to strong absorption and the signal corresponds to emission in the ele-
ment. Therefore, an important parameter for selecting the RE element to be used
in the amplifier is the strength and energy of its absorption and fluorescence spec-
trum [3]. The absorption spectrum holds information about the location of possible
pump wavelengths that will excite the RE ions to higher energy levels.
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Yb has become a popular optical fiber dopant for use in fiber amplifiers due to its
ability to provide amplification over a broad range of wavelengths from about 975 to
1200 nm. In Yb-doped amplifiers trivalent Yb ions (Yb3+) are utilized. The energy
structure of the ions gives it benefits over the widely used erbium-doped fiber due
to the absence of excited state absorption and concentration quenching by interionic
energy transfer. The use of Yb also allows for higher doping levels in the fiber, which
leads to high gain in a short length of fiber [13].
In a YDF, the relevant pump wavelengths range from about 860-1064 nm, and the
two relevant states for the Yb3+ atoms are the 2F7/2 ground state and the
2F5/2 excited
state [13]. The Stark level manifolds each consist of multiple sublevels having slightly
different energies. The ground state consists of four sublevels, and the excited state
consists of three sublevels, as shown in Figure 4. Due to the absence of other energy
levels, excited state absorption of pump or signal light, or concentration quenching
by ion-ion energy transfer processes, does not occur as it does in other RE-doped
fibers [13].
Pump light is injected into the fiber cladding and absorbed by the Yb3+ ions.
Yb3+ only has a ground state and a metastable excited state, so ions are excited into
the metastable state and hold their energy there from 700-1400 µs [14]. The signal
light then deexcites the ions to a lower energy level and stimulates the emission of a
photon. The stimulated emission always goes into the same mode as the light which
causes it, amplifying that light [2].
The absorption maxima at 975 and 909 nm are shown in Figure 5. The pump
wavelength that is commonly used is 975 nm, which pumps ions from the ground state
to level 2. The intense absorption peak at 975 nm is a result of the transition between
the lowest Stark levels of the two manifolds. The upper state population is limited to
50% due to the equal absorption and emission cross sections at that wavelength, at
10
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Figure 4. Energy level structure for Yb3+ [15].
which point gain saturation occurs. At this wavelength the absorption and emission
compensate each other. At 909 nm, however, there is little emission, so the pump
light can be absorbed even above 90% excitation [13].
In addition to stimulated emission, there is also spontaneous emission, which can
be amplified, resulting in higher noise in the fiber amplifier. If the ion relaxes to the
ground state before the signal light stimulates it, the photon emitted will not be in
phase with signal photons. The spontaneous photon can also interact with excited ions
and stimulate their emission, resulting in amplification of the spontaneous emission.
This is known as amplified spontaneous emission (ASE).
2.3 Radiation Effects in Silica Optical Fibers
Effects of radiation on optical fibers can be analyzed at the atomic and device lev-
els. Atomic level defects are generally created from atomic displacements (knock-on
damage) or ionization processes. Knock-on damage creates vacancies and intersti-
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Figure 5. Absorption and emission cross-sections for Yb in SiO2 [16].
tials in the silica matrix, while ionization results in valence defects. Particle radiation
such as neutrons, protons, and heavy ions are mainly responsible for knock-on dam-
age, while gamma-rays and X-rays are mainly responsible for ionization damage.
Both radiation types, however, can be responsible for each type of damage. Device
level radiation effects include radiation-induced attenuation (RIA), radiation-induced
emission (RIE), and refractive index (RI) change [7]. The atomic level radiation in-
duced defects result in the effects seen at the device level.
Atomic Level Effects.
Gamma-rays interact with matter through the photoelectric effect, Compton ef-
fect, and pair production. These interactions give rise to primary electrons and scat-
tered energetic electrons and photons as shown in Figure 6. In order for knock-on
damage to occur, an incoming particle must transfer a sufficient amount of energy
to the material. This occurs through a collision between the incoming photon and
an electron. A fast electron ejected from an atom then undergoes an elastic collision
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with an oxygen atom to break two Si-O bonds, or with a silica atom to break four
Si-O bonds. The displacement energies in SiO2 are 10 eV for oxygen and 18 eV for
silica, while the corresponding threshold energies for displacement by electrons are 64
keV for oxygen and 197 keV for silica [17]. For a 60Co gamma radiation source, the
gamma energies emitted are 1.17 and 1.33 MeV, where the Compton effect dominates
in generating the primary electrons in SiO2. The maximum energy of the scattered
electron is given by Tmax =
2hν
2+mc2/hν
, which is equal to 0.96 and 1.12 MeV for the
photon energies, respectively. The gammas are therefore of sufficient energy to induce
knock-on processes. However, the Compton electrons are more likely to cause ionizing
damage as they travel through the fiber material and lose energy.
Material
- -
Photons Electrons
Photoelectric Effect
NucleusPhoton
Pair Production
-
-
Compton Effect
Scattered Electron
Photon
-
+
Positron
Electron
Figure 6. Principle mechanisms of energy deposition by photons in matter.
In amorphous silica, the predominant effects produced by a 60Co source are due to
radiolytic processes. In radiolytic processes, ionization or electron excitation creates
damage by causing bond ruptures to occur or by initiating atomic motion such as
elastic collisions [11]. Ionization processes occur when electrons from the valence band
are transferred to the conduction band by energetic particles. A hole is then generated
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in the valence band and created electron hole pairs recombine either radiatively or
non-radiatively. In non-radiative recombination, energy is dissipated through the
creation of phonons or by secondary radiolytic processes which could lead to the
generation of point defects. Radiative recombination occurs when an electron in the
conduction band recombines with a hole in the valence band and the excess energy
is emitted in the form of a photon. The photon can then cause further ionization in
the material, leading to additional generation of point defects. The cascade of defects
is diagrammed in Figure 7. These point defects, also known as color centers, are
accepted to be the main cause of increased attenuation in optical fibers [7].
light
gamma-rays
Irradiation Prompt occurrence Excited state relaxation
recombination
Carrier trapping 
defect formation
photolytic defects
electron-hole pairs
free carriers
recombination
fast electrons
neutrons
fast ions atomic displacements vacancies + interstitials
recombination
light emission
transient defects
trapping at radiolytic defects
trapping at preexisting defects
trapping at impurities
trapping at knock-on damage
self-trapping
Figure 7. Diagram of relevant radiation damage processes for SiO2. Reproduced from
[11].
Neutrons can cause displacement damage or indirect ionization. Since point de-
fects include vacancy, interstitial, and valence defects caused by particle and ionizing
radiation, neutrons may also be responsible for color center formation. In addition,
neutron irradiation can transform the structure of silicon dioxide (both amorphous
and crystalline) into a new phase called the metamict phase. The metamict phase is
characterized by a narrower Si-O-Si angle, around 135◦. The density and refractive
index of a-SiO2 increase by approximately 3% [18].
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Device Level Effects.
The dominant effect due to neutron and gamma radiation at the device level
is radiation-induced attenuation (RIA) [7]. Radiation induced color centers absorb
light being transmitted through the fiber, which corresponds to an increased linear
attenuation of the glass. The magnitude of RIA seen is dependent on irradiation
time and will vary for different wavelengths due to the differences in energy that the
various defects absorb. The equation for RIA is given by
RIA(λ, t) =
−10
L
× log10
P (λ, t)
P (λ, t0)
dB/m, (2)
where L is the length of the fiber being irradiated, P (λ, t) is the power through the
fiber at a specific wavelength at a specific time during irradiation, and P (λ, t0) is the
power through the fiber at a specific wavelength at the time just prior to the start of
irradiation.
Other device level effects are radiation-induced emission (RIE) and changes in
refractive index (RI). RIE can be due to luminescence from precursors or radiation
induced defects that are excited by incoming particles. RI change can occur from
changes in the density of the fiber or from very high doses of radiation.
Neutron vs. Gamma Effects.
There have been some studies conducted to directly compare the effects of neu-
tron versus gamma radiation on optical fibers. Girard et al. produced results that
show that gamma rays, 14 MeV neutrons, and X-rays globally lead to the same de-
fect generation in Ge and F-doped silica-based multimode optical fibers, with small
differences in the concentration of the defects. The kinetics of RIA growth with dose
between the fibers were shown to be the same [9].
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Henschel et al. showed that the loss ratio in Ge-doped fibers from gamma versus
neutron irradiation was dependent on the total neutron fluence received by the fibers.
For a neutron fluence up to about 1013/ cm2 of 14 MeV neutrons, the loss was almost
three times as much for gammas as for neutrons at the equivalent dose calculated from
kerma values. At 1013/cm2 the loss ratio decreased to ≤ 2.0 and by extrapolation it
was determined that the loss ratio would probably reach about 1 for 1014/cm2 [8].
2.4 Radiation Sensitivity of RE-doped Fibers
The amplitude and kinetics of RIA induced from the same irradiation can differ
greatly from one RE-doped fiber to another due to the differences in spectroscopic
properties of the ions. The signal wavelength, power level, etc. used can also affect
the RIA in the fiber from irradiation. Measurements performed by Girard et al.
provide evidence for a significant decrease in the transmission of selected RE-doped
fibers that is a factor of 1000 greater than the losses measured in communications
fibers. He further states that the excess of losses seems related to the host matrix
that is necessary to incorporate the RE ions [19].
RE-doped fibers have been found to be less radiation resistant than common
undoped optical fiber. Among RE-doped fibers, however, Yb-doped fibers have been
found to be the most radiation resistant. The underlying reason for the increased
sensitivity to radiation is not necessarily due to the RE dopant, but due to the co-
dopants such as Al, P, and Ge, which are included in order to optimize the fibers [4].
A large percentage of aluminum compared with the RE and other co-dopants has
been shown to produce larger absorption features in the visible region, along with a
tail near the IR region. The intensity of the absorption increases with the excess of
aluminum. Phosphorous has also been shown to counter some of the effects of the
aluminum. Fibers with concentrations of P>Al showed no absorption band in the
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visible and near the IR range, while fibers with concentrations of Al>P did [20].
Summary.
The majority of research comparing the effects of gammas versus neutrons has
been conducted on optical fibers that aren’t doped with RE metals. There has been
increasing research conducted on Yb-doped fibers in passive and amplifier and laser
configurations in order to determine the effects that exposure to radiation has on
their operation. There is still a need to directly compare the effects that various
forms of radiation have on Yb-doped fibers, however, in order to determine what
testing should be done in the future on fibers that may potentially be exposed to
radiation environments.
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3. Methodology
The purpose of the experiments was to irradiate YDFs with gamma only, and
mixed gamma/neutron radiation at total doses that could be used to compare damage
induced in the fibers from each radiation source. The experiments were conducted at
the Fast Burst Reactor (FBR) at White Sands Missile Range, New Mexico, the Ohio
State University (OSU) Research Reactor (OSURR), and the 60Co gamma irradiator
at OSU. The FBR and OSURR are both sources of mixed gamma/neutron radiation,
and the 60Co gamma irradiator was used to test the sensitivity of the fibers to gamma-
only radiation.
3.1 Experiments
All fiber measurements were conducted using a white light source and CCS175 and
CCS200 CCD spectrometers that utilize Thorlabs, Inc. Optical Spectrum Analyzer
software (OSA). The spectrometers have the capability of measuring signal intensity
through the fiber from 500 to 1100 nm and 200 to 1000 nm respectively. The spectra
were recorded continuously throughout irradiation and the change in the spectra
recorded during irradiation from the initial spectrum were used to determine the
amount of RIA induced in the fiber. The power of the light source was not high
enough to induce excitation of the Yb ions.
The bare YDF measured on-line was coupled to matched passive fiber by universal
bare fiber terminators. The passive fiber was routed from the irradiation facility to
the signal monitoring area as shown in Figure 8. Spectra were recorded prior to
irradiation, during irradiation, and following the end of irradiation. The length of
time the fiber transmission was measured post irradiation ranged from 28 minutes to
40 hours. The equipment used in the experiments is listed in Table 1.
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Table 1. Equipment List for Experiments
Item Specification
Yb-doped fiber LMA-YDF-20/400-VIII Nufern
YB1200-10/125DC LMA Thorlabs
YB1200-6/125DC SM Thorlabs
Passive double-clad (DC) fiber P-10/125DC Thorlabs
P-20/390DC Thorlabs
CCD spectrometer CS175 (500-1100 nm) Thorlabs
CS200 (200-1000 nm) Thorlabs
White light source (Tungsten-Halogen) Fiber coupled 300-2600 nm Thorlabs
Patch cable 50 µm, SMA-SMA, 25 meters
Universal bare fiber terminators
w/ connectors
SMA905 Multimode Connectors:
410 µm and 128 µm bore
Fiber connector adapters SMA-SMA and PC-SMA
White Light Source
OSA
Irradiation Area
Yb-doped fiber
Passive fiber
Passive fiber
Figure 8. Setup for MM YDF operation with white light source.
19
Fast Burst Reactor.
The Fast Burst Reactor (FBR) is a molybdenum-alloy Godiva II type reactor
located at White Sands Missile Range, NM. The core is mounted to a small stand
fastened to a hydraulic lift, which is used to lower the assembly into a pit beneath a
shield. The U-235 core is 6-8 inches in diameter and 75
8
inches high with a total mass
of 81 kg [21]. The reactor is ummoderated to produce a spectrum of neutron energies
similar to that of a nuclear weapon. The average gamma dose in relation to neutron
fluence is approximately 2×10−10 rad/neutron/cm2 [22].
The irradiation facility is an open room surrounding the reactor that is lifted
out of the pit in the floor. The room designated for taking measurements is located
above and adjacent to the reactor room. A hole leading from the measurement room
to the reactor room allows cabling to be routed for in-situ measurements. During
this experiment, two 25 meter passive cables were routed into the reactor room in
order to take in-situ measurements of the YDF being irradiated.
The purpose of the experiment was to expose the fiber to an environment of
mixed neutron and gamma irradiation. Dosimetry setup and analysis was performed
by FBR scientists. Sulfur pellets and thermoluminescent dosimeters (TLDs) were
used to measure the neutron fluence and gamma dose, respectively. The fiber being
measured was positioned a radial distance of 28 inches from the center of the reactor.
The reactor was operated in steady-state mode at 8kW for five hours. At this distance
and exposure the fiber received a fluence of approximately 9.3×1013 neutrons/cm2 and
a gamma dose of 21 krad(Si). This gamma dose is achievable in less than one hour
in the OSU 60Co irradiator, and less than 30 seconds in the OSURR.
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Ohio State University Research Reactor.
The OSURR is a pool type reactor with beam ports and dry tubes as irradiation
facilities. The fuel is 19% enriched U3Si2. The moderator and primary coolant are
both light water with a secondary coolant of ethylene glycol. The irradiation facility
used in all experiments was the 7-inch dry tube. The maximum flux achievable from
this irradiation facility is 1.5×1012 n/cm2/s when the reactor is run at 450 kW [23].
The OSURR experiments exposed the fibers to mixed gamma/neutron radiation.
Two different rigs were used in the experimental setup in order to expose the fibers
to different neutron spectra. Rig 1 did not include a cadmium (Cd) box, while Rig 2
did as shown in Figure 9. Approximately 25 feet of passive fiber was required to route
the YDF from the measuring station to the bottom of the 7-inch dry tube in the 20
foot reactor pool. Fibers placed in Rig 1 were irradiated with the full spectrum of
neutrons. Rig 2 was used to attenuate the thermal neutrons below 0.5 eV, decreasing
the flux from 1.5×1012 n/cm2/s to 4.1×1011 n/cm2/s, and creating a faster overall
neutron spectrum. The rigs with fibers attached were placed in the 7-inch dry tube
adjacent to the center of the reactor. The reactor was operated at 450kW in steady
state during both runs, producing the maximum achievable flux.
Ohio State University 60Co Source.
The OSU Gamma Irradiator is a 60Co source surrounded by a 10 foot deep pool
of water. The experiments are placed in an elevator that is inserted into a 6-inch dry
tube. The depth of the pool required that approximately 15 feet of passive fiber be
used to route the YDF from the equipment platform to the bottom of the irradiator.
The height of one of the elevator platforms can be adjusted to achieve the desired
dose rate as shown in Figure 10. The elevator is then lowered to the bottom of
the dry tube. The start of measurements was taken to be when the elevator was
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Figure 9. OSURR rigs are made of aluminum. Devices are attached to the interior of
the rig and lowered into the 7-inch tube. (a) Rig 1 with no Cd box. (b) Rig 2 showing
Cd box attachment that attenuates neutrons below 0.5 eV.
fully lowered and in place. The end of irradiation measurements were also started
when the fibers were fully removed from the 6-inch dry tube. In all experiments the
fibers were positioned to receive the maximum dose rate of approximately 32 krad/hr.
Irradiation times ranged from 3 hours to 48 hours in order to achieve total doses of
gamma radiation that were comparable to the FBR and OSURR experiments.
3.2 Research Approach
Fiber Preparation.
Multimode double clad YDFs for all experiments were cut to 28 centimeters and
then stripped and cleaved, leaving between 24-26 centimeters of length per fiber.
Universal bare fiber terminators were attached to either end of the fiber for coupling
to matched passive fiber. Due to the increased radiation sensitivity of RE-doped
fibers, this length is all that is needed for radiation-induced loss measurements [8].
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Figure 10. Elevator used to lower experiments into the 60Co irradiator. The adjustable
platform can be raised or lowered to adjust dose rate received by the test object based
on the pre-determined dose rate profile [24].
The white light source and CCD spectrometer attachments use sub-miniature ver-
sion A (SMA) type connections. SMA connectors are suited for use with multimode
fiber. In the FBR and 60Co experiments, 20 µm MM YDFs were coupled by bare
fiber terminators configured with SMA connectors and SMA-SMA couplers to 25 me-
ter patch cables. The 10 µm MM YDFs were custom prepared by the manufacturer
to be 30 cm in length with SMA connectors permanently attached to each end. These
fibers were coupled to bare matched fiber. The 6 µm single mode YDF used in one of
the OSURR experiments was also manufactured to a specification of 30 cm in length
with ferrule connector/physical contact (FC/PC) connectors permanently attached
to each end. The 6 µm fiber was coupled to the matched passive fiber using PC-SMA
adapters and bare fiber terminators configured with SMA connectors. Universal bare
fiber terminators configured with SMA connectors were also attached to the source
and receiving ends of the passive fibers in order to connect to the white light source
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and CCD spectrometer.
Fibers were secured with painter’s tape to the rigs and elevator in the OSURR and
60Co experiments in order to minimize movement during insertion into and extraction
from the irradiation facility. In both experimental setups the Yb-doped fiber was
taped flat to the bottom of the rigs and the passive fiber was routed up the sides and
securely taped.
The YDF irradiated in the FBR did not have to be moved once it was put into po-
sition in the reactor room. It was secured to a six foot wooden platform with painter’s
tape, however, to prevent it from experiencing movement due to a fan blowing during
reactor operation.
Fiber Characterization and Measurements.
The pre-irradiation operation of the fibers was characterized by measuring with
the white light source and CCD spectrometer prior to irradiation. Prior to each
experiment, the white light source was also measured using a one meter optical patch
cable for one hour. Light intensity through the fiber was recorded by the OSA software
and then evaluated for stability.
The measurements taken during irradiation were analyzed by looking at the RIA
of the signal through the fiber. The RIA is determined using Equation 2. Spectra
were taken at least once every second during irradiation and once every minute post
irradiation for recovery measurements collected over more than a few hours. Spectra
were collected once every few seconds for recovery measurements taken for less than
three hours.
Measurements taken post irradiation were used to analyze the recovery of the
fiber. In the case of the FBR experiment, recovery measurements were only taken for
28 minutes due to time constraints at the facility. Recovery measurements of fibers
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irradiated in the OSURR and OSU gamma irradiator were collected for longer times of
hours to days. Ending irradiation of the fibers by the 60Co source required fibers to be
removed from the irradiator via a hydraulic lift. This movement sometimes resulted
in the fibers or connectors getting shifted. These shifts changed the transmission
spectrum before recovery measurements could be taken. The spectra that were shifted
are not used in the recovery analysis presented. The OSURR provided the best
recovery measurements as the fibers were not moved from the 7-inch tube following
irradiation.
Determining Defect Contributions.
One method of determining the specific defects that contribute to the device level
degradation is to fit the wavelength dependent RIA curve to a Gaussian curve and
then deconvolve the curve into several other Gaussians centered at known absorption
wavelengths. The amplitude of the deconvolved Gaussians are adjusted until the sum
fits the RIA curve. The relative height of the deconvolved Gaussians corresponds to
the magnitude of the defect’s contribution to the RIA. Equations 3 and 4 are used
to deconvolve the RIA spectra obtained from experiments at the OSURR, FBR, and
OSU 60Co irradiator. These equations are taken from Girard and Marcandella who
use this method to decompose spectra into silica related defects in the UV-Visible
part of the spectrum such as SiE’, SiODC(I), SiODC(II), Peroxy, NBOHC, and STHs.
They create the Gaussian bands using the function
G(n) = An(t)×H(E), (3)
where n is the number of Gaussian bands and An(t) is the time dependent amplitude.
H(E) is given by
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H(E) = exp
(
− 2×
(
E − En
wn
)2)
, (4)
where En is the energy that the defect is centered on and wn is the width of the
defect. En and wn are fixed parameters, whereas the amplitude of the band An is the
free parameter [25].
The bands are chosen by inspecting the absorption spectrum and determining
where increased absorption is present. A strongly asymmetric band generally in-
dicates one or more hidden bands and a band with a flat maximum indicates two
strongly overlapped bands. The width of the bands is estimated by using one or more
bands not overlapped by other bands. As a first approximation, this is used for all
bands in the spectrum [26]. After a general fit is produced the amplitude is adjusted
until a best fit is acquired.
The spectrum resulting from one irradiation in the OSURR using the spectrometer
capable of measuring from 200-1020 nm is deconvolved in Figure 11. This spectrum
is chosen as the baseline due the ability to identify the absorption peak centered
at 475 nm. The peak is hidden in other spectra measured with the 500-1100 nm
spectrometer. The same absorption bands and their widths determined from the
first deconvolution are then used to deconvolve absorption spectra from subsequent
experiments. This method was taken from Brichard et al. who identifies defects in
KU1 glass fibers irradiated with a 60Co source and research reactor by the same
method. The RIA spectra from his experiments were obtained by measuring the
fibers in situ using a tungsten-halogen white light source [27].
The types of defects contributing to absorption were determined by looking at
previous studies of optical fiber irradiations and the defects that were associated with
the absorption spectra from these studies. Optical absorption (OA) and electron
spin resonance (ESR) spectroscopy have been used to experimentally identify many
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Figure 11. Deconvolved RIA spectrum of a YDF irradiated in the OSURR. The spec-
trum is chosen as the baseline do to the additional spectral data available below 500
nm (2.5 eV).
defects in silica-based optical fibers [20].
The first absorption center was identified using the work of Arai et al. who
determined defects that contribute to photodarkening in YDFs specifically. The YDFs
in his study were co-doped with aluminum, and the defects found to contribute the
most to absorption were the Al-OHCs centered at 388 and 539 nm the Al-E’ centered
at 302 nm [28]. Aluminum is commonly used as a co-dopant in YDFs to reduce
the clustering of the RE metal. For this reason, the Al-OHC centered at 539 nm
was identified in this research as the first contributor to absorption in the irradiated
YDFs.
A prominent absorption peak between 620 and 650 nm was identified in several
RIA spectra. This peak was attributed to the NBOHC, which has been extensively
studied in silica fibers, as well as Yb-doped fibers [29]. The defects arise from the
presence of dopants or contaminants that are network modifiers. This type of defect
might be expected from a large concentration of a RE dopant and other co-dopants.
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Certain properties of this defect are well known, including its OA band at 2.0 eV
(620 nm) and its photoluminescence (PL) at 1.9 eV (653 nm). There is evidence that
the introduction of Yb increases the concentration of NBOHC defect centers, leading
to the conclusion that the centers are in the vicinity of, or coordinated to, the RE
dopant. Dragic et al. irradiated two passive fibers and Yb-doped fibers with green
light (532 nm), and observed that the Yb fibers showed increased absorption at the
620 nm wavelength. In his study the introduction of the RE dopant appeared to
increase the NBOHC relative to passive fibers. He states that this could lead to the
conclusion that the centers are in the vicinity of, or coordinated to, the RE dopant.
Therefore, the characterization of certain defects in the UV-visible range can provide
insight into the local bonding structure of Yb doped silica fibers [29] [30].
The absorption peak near 475 nm is more difficult to firmly attribute to a specific
defect. There are multiple defects that can be attributed to absorption near this
wavelength, including defects that can result from P or Ge doping, which are located
at wavelengths near 400 and 500 nm [9]. There are also two types of self-trapped holes
(STHs) that exist in SiO2, one of which has been determined to be centered at 475 nm.
The STHs are denoted as STH1 and STH2. STH1 corresponds to a hole localized at
the oxygen site of a regular Si-O-Si bond, whereas STH2 corresponds to a hole shared
by two neighboring oxygen atoms. The defects are known to be unstable at room
temperature, but there have been many studies where their generation in silica-based
optical fibers have been observed. The two bands that have been experimentally
shown are located at 2.16 eV and 2.61 eV, which correspond to STH2 and STH1
respectively [25] [31].
The STH located at 2.61 eV has been shown to have a broad band with a width,
of approximately 1.2 eV. The NBOHC located at approximately 2.0 eV has a much
narrower band with the width reported to be approximately 0.2 eV. The widths of
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these defects determined from experimental studies on various silica and non-RE-
doped fibers do not correspond to the widths of the defects established from the
initial deconstruction (0.45 eV for the 2.0 eV band and 0.3 eV for the 2.61 eV band).
The increased width of the NBOHC can possibly be attributed to the presence of
multiple types of NBOHCs, however, for the analysis it is represented as one band.
The defect characteristics of the three identified bands remain consistent across the
multiple radiation sources in this research and provide a good fit to the RIA spectra.
Neutron Dose Calculations.
Neutron doses were calculated so that spectra resulting from the three sources
of radiation could be normalized against one another. Gamma and neutron doses
in silicon are published for the OSURR and OSU 60Co irradiator, so all doses were
calculated in terms of silicon (as opposed to SiO2) for ease of comparison.
Neutron doses received by the fibers were determined using the Watt distribution
of neutron energies, given by Equation 5, and the kerma coefficients of the neutron
energies for 28Si. The probability, P (E), of a neutron from fission having an energy
between E and E+dE is given by the empirical formula,
P (E) = 0.4865sinh(
√
2E)e−EMeV −1. (5)
The distribution is for neutrons from fission of 235U with a slow neutron, but varies
little for other types of fission. The spectrum is plotted using Equation 5 and shown
in Figure 12.
The kerma coefficients for neutrons with energies from 0.0253 MeV to 150 MeV
are taken from Chadwick et al. for 28Si. Kerma (Kinetic Energy Released per unit
MAss) is a quantity that is related to dose for indirectly ionizing radiation. It is the
initial kinetic energy of all charged particles liberated by the radiation per unit mass,
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Figure 12. Watt Distribution of neutron energies for 235U fission with a slow neutron.
and is quantified as the absorbed dose in a material. It can also be thought of as the
first collision dose [32]. The kerma coefficients calculated Chadwick et al. were based
on neutron cross sections for nonelastic and elastic reactions. The cross section data
came from the Evaluated Nuclear Data File (ENDF) evaluations for energies below
15 MeV and directly from calculated cross sections in the laboratory for energies
above 20 MeV. Between 15-20 MeV there is a lack of experimental data, so values in
this range were found by linearly interpolating between data from ENDF/B-VI and
laboratory calculated results at 20 MeV [33].
The kerma coefficients are given in units of fGy/m2, so a factor of 10−9 is used
to convert to rad/cm2. To perform these dose calcuations, probabilities per neutron
energy were separately normalized over energy ranges where neutron fluences were
specifically known. The probabilities were then multiplied by the neutron fluences
given for the energy ranges. This estimated neutron fluence for each neutron energy
is then multiplied by the kerma value for the corresponding energy and summed to
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get the absorbed dose in rad(Si).
The dose rate from neutrons for the irradiation at the OSURR without the Cd
box was determined to be 65.815 krad(Si)/hr. With the Cd box, the dose rate was
determined to be 65.734 krad(Si)/hr. The total neutron dose achieved at the FBR
was calculated to be 5.2 krad(Si).
Growth and Recovery Data Modeling.
The phenomenon of defect growth kinetics in optical fibers takes the form
q(D) = CDf . (6)
This equation is well known as the power law equation, where D is the radiation dose
and C and f(<1) are empirical constants. The RIA at a specific dose is calculated
as q(D) based on the empirical constants. C represents the magnitude of the curve
while f is representative of the linearity of the degradation curve. Griscom shows
that RIA growth and decay behaviors are simultaneously interpretable in terms of
the power-law growth and standard bimolecular kinetics (recombination of electrons
and holes or vacancies and interstitials) [34]. The data that he used to test the model
were gamma-ray induced losses at 1300 nm in Ge-doped-silica core fiber. Griscom
states that the model has also been used successfully to analyze radiation damage
data of other multimode and single mode fibers.
The observed RIA curves can be decomposed into the contributions from defect
production and recombination. Each curve is characterized by a different production
rate constantK and a recombination rate constant R related toK by a semi-empirical
formula. Griscom shows that R is related to K by
R = K
|f(1−n)−1|
f−1 C
n
f−1 (1− f)Ḋ, (7)
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where n describes the order on which kinetic formulations occur (n=2 for bimolecular
kinetics) and Ḋ is the dose rate. He then shows that this reduces to a dose dependent
formula
R = C1−nD(cum)
[f(1−n)−1](1− f)Ḋ. (8)
The model is then said to make a “no-adjustable-parameters” prediction of the
recovery curves to be expected once irradiation has ceased. The only knowledge
required consists of the empirical growth parameters C and f determined from fitting
the growth data to the power law, the dose rate Ḋ, and the final accumulated dose
D(cum). The standard n
th order kinetic solution for n >1 is then
q(t) = qo
{
1 + (n− 1)qn−1o Rt
}1/(1−n)
, (9)
where qo = C(Dcum)
f and R is given by Equation 8.
Equations 6, 8, and 9 are the only equations needed to predict the recovery of
the fiber. Figure 13 shows a power law fit and the corresponding prediction for the
recovery of the fiber. The prediction is based solely on the empirical values determined
from the fit and the order of kinetics chosen for the prediction. The data used to
create the example was taken from the FBR experiment, which involved a 20 µm
YDF irradiated up to a dose of approximately 25 krad(Si) including the gamma and
neutron dose. The f value is approximated based on the linearity of the RIA curve
and the C value is adjusted to match the magnitude of the degradation. The empirical
values along with the total dose and dose rate are then used to predict the recovery
of the fiber over the desired length of time.
The methodology is applied to data from experiments performed with the three
radiation sources. The empirical constants are determined for select wavelengths in
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various experiments and the prediction is developed and compared to actual recovery
data collected post-irradiation.
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Figure 13. (a) An example of a power law fit to arbitrary RIA data. From Equation 6,
the empirical C value is 0.73 and the f value is 0.81 for a dose rate of 5 krad(Si)/hr.
(b) Recovery prediction based on empirical values derived from power-law fit.
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4. Results and Analysis
Chapter Overview.
The FBR, OSU 60Co source, and OSURR facilities were used to gather data on
neutron, gamma, and mixed gamma/neutron radiation effects on Yb-doped optical
fibers, respectively. The experiment conducted at the FBR was the first completed,
and the OSURR and 60Co experiments that followed were designed to provide data in
order to differentiate between gamma and neutron radiation effects at similar doses.
The experiments performed are listed in Table 2 along with the different fiber
types used for each experiment. The performance of all fibers was evaluated in-situ
using white light as the source and a CCD spectrometer as the receiver. OSA software
was used for data collection and analysis. Exposure times varied for each experiment
but dose rates were the same for experiments performed with each radiation source.
Across radiation sources, however, the dose rates varied. All data taken during and
after experiments was done at room temperature.
The main source of degradation is from absorbing species that are produced in the
fiber during irradiation, so the analysis is accomplished using the absorption spec-
tra of the YDFs. Fits of the absorption spectra are obtained by deconvolving the
spectra into a series of Gaussians and using the sum of the Gaussians as a fit to the
experimental data. The defect growth rates are compared across different fibers sizes
and experiments to the wavelength dependent degradation curves. The fits are used
as a means to directly compare the spectra and identify how each radiation source
contributes to attenuation in the YDFs. It is shown that the gamma and neutron
irradiations globally lead to the same defects. Individual analysis is also performed
on data from each irradiation experiment and comparisons between absorption spec-
tra are also made in order to discern the differences in damage production for each
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radiation source. Analyses of recovery data are also performed and actual recovery
data is compared to the recovery prediction model. An evaluation is made of the
reliability of the prediction model.
Table 2. List of experiments
Exp.
No.
Fiber
Core/
Clad
Size
(µm)
Fiber
No.
Facility Dose Rate
Irradiation
Time
Wavelengths
Measured
1 20/400 1 FBR
1 krad(Si)/hr
(neutron)
5 krad(Si)/hr
(gamma)
5 hrs 500-1100 nm
3 10/125 2
OSURR
(No Cd)
65.8 krad(Si)/hr
(neutron)
9 Mrad(Si)/hr
(gamma)
2.5 hrs 500-1100 nm
2 10/125 3
OSURR
(With Cd)
65.7 krad(Si)/hr
(neutron)
9 Mrad(Si)/hr
(gamma)
3 hrs 500-1100 nm
4 20/400 4
OSURR
(No Cd)
65.8 krad(Si)/hr
(neutron)
9 Mrad(Si)/hr
(gamma)
0.75 hrs 500-1100 nm
6/125 5 200-1020 nm
5 20/400 6
Co-60
(OSU)
32.3 krad(Si)/hr 4.5 hrs 500-1100 nm
6 20/400 6
Co-60
(OSU)
32.3 krad(Si)/hr 4.5 hrs 500-1100 nm
7 20/400 6
Co-60
(OSU)
32.3 krad(Si)/hr 3 hrs 500-1100 nm
8 10/125 7
Co-60
(OSU)
32 krad(Si)/hr 5 hrs 500-1100 nm
20/400 8 200-1020 nm
9 10/125 7
Co-60
(OSU)
32 krad(Si)/hr 48 hrs 500-1100 nm
20/400 9 200-1020 nm
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OSURR Irradiation.
Three experiments were performed in the OSURR with three MM and one SM
YDF. Experiment 1 irradiated a 10 µm YDF for 2.5 hours. Experiment 2 irradiated
a pristine fiber of the same manufacture with a Cd shield for 3 hours. Experiment
3 simultaneously irradiated a 20 µm and a 6 µm fiber. The transmission spectra
for the 10 µm and 20 µm fibers were recorded from 500-1100 nm and the 6 µm fiber
transmission spectra were recorded from 200-1020 nm.
All experiments were performed in the 7-inch dry tube positioned next to the
reactor core at a reactor power of 450 kW. The fluences achieved for the three exper-
iments are listed in Table 3. The total flux achieved for Experiment 1 was 1.5×1012
neutrons/cm2/s and the flux for Experiment 2 with the attenuation of thermal neu-
trons was 0.4×1012 neutrons/cm2/s. The spectra are compared in Figure 14 up to
a time of 48 minutes, or fluences of 4.32×1015 neutrons/cm2 in Figure 14(a) and
1.15×1015 neutrons/cm2 in Figure 14(b). The total calculated neutron dose at each
of these fluences is 52 krad(Si), since the thermal neutrons have small kerma values
and contribute little to the total ionizing dose. The gamma dose rate for this reactor
operating at 450 kW is approximately 9 Mrad(Si)/hr, so the gamma dose contributing
to the spectrum shown for 52 krad(Si) in both cases is approximately 7.2 Mrad(Si).
Table 3. Fluence and dose totals for three OSURR experiments.
Fluence/Dose
Experiment 1 Experiment 2 Experiment 3
Total Fluence (φ) (n/cm2) 1.35x1016 4.43x1015 4.05x1015
φ >0.5 eV (n/cm2) 3.69x1015 4.43x1015 1.11x1015
1 MeV(Si) Equivalent (n/cm2) 1.8x1015 1.54x1014
Total Dose (γ) (Mrad(Si)) 22.5 27 6.75
Both spectra in Figure 14 exhibit a shift in the peak of the absorption band
initially centered at 650 nm at higher doses that makes it appear that absorption has
decreased between 650-900 nm. The change in energy with respect to dose is shown
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Figure 14. OSURR spectra comparison. (a) YDF spectra with no Cd present. (b)
Spectra of YDF inside the Cd box while being irradiated. The curves are plotted for
corresponding neutron doses.
in Figure 15. It can be seen that the shift in the absorption band occurs at a higher
dose in the no-Cd spectrum. The absorption band appears to maintain the same
width and move from being centered at 650 nm to 620 nm. The initial position of the
NBOHC at 650 instead of 620 nm can be explained by the composition of the fiber,
but the potential cause of the shift in energy during irradiation could not be found
in the literature.
Dragic et al. characterized the NBOHCs in a Yb-doped fiber co-doped with alu-
minum. The absorption peaks were induced by cladding-injecting white light from a
tungsten-halogen white light source and measuring the absorption spectrum using a
fiber-coupled spectrometer. The NBOHC emission spectrum was excited with a 532
nm doubled Nd:YAG laser providing 200 mW of power. Five NBOHC PL peaks were
observed from 632-750 nm with corresponding absorption peaks ranging from 596-
723 nm. The spectral widths of the absorption peaks were all equal to approximately
0.16 eV. In a previous study there was also consistently an increasing red shift in
the emission peak of the spectra with increasing Al/Yb ratio for the Yb-doped fibers
studied [29] [30].
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Figure 15. Energy shift of NBOHCs as a function of dose for Cd and no-Cd spectra.
Fits of the Figure 14 spectra are compared in Figure 16(a) at a neutron dose of 5
krad(Si). Since the dose from the thermal neutrons is negligible, it is expected that
the spectra should be the same. However, additional attenuation is seen between
600 and 900 nm in the no-Cd spectrum. The increased attenuation in that range is
attributed to the dose from gamma-rays, as described in the comparison of spectra
in Section 4.
Thermal neutrons have a much higher probability for capture in silicon than fast
neutrons, so it is possible that gammas emitted from these interactions contribute to
the additional attenuation through their contribution to ionizing radiation damage.
It has been shown that a neutron fluence of 2×1012 n/cm2 is equivalent to a dose
of 100 rad (SiO2) [10]. The gamma dose associated with the neutron fluence in
the OSURR at any given time is approximately one quarter of the actual gamma
dose, meaning that at higher neutron doses, the secondary ionization effects from the
neutrons can be considered negligible with respect to the gamma induced ones. At
low doses (relative to megarads) the secondary ionization effects from the neutrons
may still be considered comparable to those from the gammas. Figure 16(b) shows a
comparison of the spectra at a higher dose of neutron radiation, and seems to confirm
that at higher doses the effects of the thermal neutrons are negligible.
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Figure 16. Comparison of 10 µm fiber spectra irradiated with and without the cadmium
shield in the OSURR. At a lower doses the contribution of thermal neutrons to ionizing
radiation damage is apparent, while at higher doses it is negligible.
The deconvolved absorption spectra show that absorption is dominant at 539 nm,
except in the no-Cd spectra, where the amplitude of the NBOHC becomes approxi-
mately equal to the amplitude of the AlOHC. The relative contributions of the defects
are shown in Figure 17, while the growth of the defects is shown in Figure 18. The
characteristics of the defects are given in Table 4. The same band widths of the
defects are maintained throughout irradiation.
Table 4. Characteristics of absorption bands used for the decomposition of the RIA
curves from the OSURR irradiations.
NBOHC Al-OHC Unknown Interstitial O2
Spectral position, En (eV)
1.9-2.0 eV
(620 - 650 nm)
2.3 eV
(539 nm)
2.61 eV
(475 nm)
1.17, 1.1 eV
(1060, 1127 nm)
Width, wn (eV) 0.45 eV 0.35 eV 0.3 eV 0.1 eV
The wavelength dependent degradation of the YDF irradiated with Cd, shown
in Figure 18(c), does not experience saturation as rapidly as the no-Cd spectrum
irradiated to the same dose, further indicating that thermal neutrons may play a role
in contributing to the ionizing radiation dose. The 20 µm spectrum has the largest
defect amplitude at 475 nm, likely due to the lesser concentration of NBOHCs.
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Figure 17. Deconvolution of Cd absorption spectra from Figure 14(b) into primary
defects known to be present in Yb-doped and passive silica fibers. (a) RIA at 1 krad(Si)
deconstructed to concentrations of defects at 475, 539, and 620 nm. (b) RIA at 5
krad(Si) showing distribution of defects centered at 475, 539, and 620 nm. (c) RIA at
52 krad(Si) showing increased magnitude of 539 nm defect.
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Figure 18. OSURR RIA and defect growth comparisons. (a) Wavelength dependent
degradation as a function of dose for 20 µm fiber with no Cd present. (b) Defect growth
rates for 20 µm fiber with Cd present. (c-d) 10 µm fiber with Cd present. (e-f) 10 µm
fiber with no Cd present.
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The strength of absorption in Yb-doped fibers near 975 nm is an indicator of
the doping concentration in the fiber. In the set of fibers irradiated at the OSURR
the 10 µm fibers had the highest doping concentration, at 2.5 times the absorption
of the 6 µm fiber and 5.5 times the absorption of the 20 µm fiber at 975 nm. This
correlates with the idea that the concentration of NBOHCs increases with the Yb
doping concentration, as the 10 µm fibers demonstrated the largest growth of this
defect. The doping concentration can then potentially explain the differing behavior
of the fibers.
The 20 µm fiber that is also irradiated without Cd does not experience a shift
in energy of the NBOHC defect as do the 10 µm fibers. It remains centered at 620
nm throughout irradiation. Additional differences are observed in Experiment 3 at
wavelengths from 1000-1100 nm. At 1064 nm at a neutron dose of 52 krad(Si) the
attenuation in the 20 µm fiber is 16 dB/m, while the attenuation in the 10 µm fibers
is approximately 8 dB/m. The spectral shape and attenuation differences are likely
a function of the concentration of Yb-doping and co-dopants used, as the fibers are
from different manufacturers. Figure 19 shows a direct comparison of RIA at the
central wavelengths of primary defects (539 and 620 nm), as well as the 1064 nm
wavelength. The attenuation reached at 1100 nm is 23 dB/m for both fiber types.
The IR absorption has not been firmly attributed to a defect with known struc-
ture. It is suspected that the culprit is interstitial O2 molecules that may be created
radiolytically in the silica. These have been identified by measuring their infrared
luminescence at 1272.2 nm after being excited with a Nd-YAG laser at 1064.1 nm.
Activation energy is 1.17 eV (1060 nm) for diffusion of O2 molecules in silica glass,
which is much higher than any of the other known defect species in silica [34]. SiO2
samples irradiated with gamma and neutron radiation have revealed the interstitial
O2 molecules in concentrations between 10
14 and 1016 molecules/cm3 [35].
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Figure 19. RIA at defect centers for each OSURR experiment. Doses are neutron
doses. Gamma doses are approximately 150 krad(Si) per 1 krad(Si) neutron dose. (a)
RIA at 539 nm. (b) RIA at 620 nm. (c) RIA at 1064 nm.
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FBR Irradiation.
A 20 µm MM YDF was exposed to mixed gamma/neutron radiation from a highly
enriched U-235 reactor operated at 8 kW for 5 hours. The degradation was measured
over the course of 5 hours of irradiation. The total neutron fluences and gamma
dose received by the fibers were determined by taking the average of values obtained
from analysis of the sulfur pellets and TLDs. The values are shown in Table 5. The
uncertainty was determined by calculating the standard deviation of measurements
for the four sulfur pellets and four TLDs.
Table 5. Fluences and dose totals for 5 hour FBR irradiation.
Fluence/Dose Uncertainty
Total Fluence (φ) (n/cm2) 9.35x1013 +/- 5.4x1011
φ >3 MeV (n/cm2) 1.15x1013 +/- 6.5x1010
1 MeV(Si) Equivalent (n/cm2) 8.01x1013 +/- 4.6x1011
Total Dose (γ) (krad(Si)) 21.35 +/- 0.45
The FBR produces radiation that is also different from the OSURR in that the
neutron moderation is greatly reduced, resulting in a faster overall neutron spectrum.
The conversion from fluence to dose is then necessary to draw a reasonable comparison
to the OSURR irradiation. The total dose from the neutron fluence was determined
to be approximately 5 krad(Si). A fluence comparison can also be drawn between the
1 MeV(Si) equivalent fluences for the OSURR and FBR. The 1 MeV(Si) equivalent
fluence at 5 minutes in the OSURR irradiation, where the neutron dose was calculated
to be approximately 5 krad(Si), is 6.0×1013 n/cm2, which is on the same order of
magnitude as the equivalent fluence determined for the FBR irradiation. It is slightly
lower due to the difference in the neutron spectra. The neutron to gamma ratio is also
much higher for the FBR radiation than the OSURR. The FBR ratio is 1 krad(Si)
neutron per 4 krad(Si) gamma, while the OSURR ratio is 1 krad(Si) neutron per 14
krad(Si) gamma.
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The attenuation in the fiber is similar to that in the OSURR irradiated fibers at
the 500 and 1064 nm wavelengths at the same dose. The RIA spectrum shape is
different, as shown in Figure 20 with a sharper decrease in the absorption curve at
wavelengths between 500 and 700 nm. There is also a lack of attenuation between
750 and 970 nm.
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Figure 20. RIA as a function of wavelength over select doses.
The deconvolution of the spectrum at a neutron dose of 5 krad(Si) is shown in
Figure 21. The width of the 620 nm defect, given in Table 6, is notably narrower
than the width of the defect produced by the OSURR irradiation. The defect is
also initially centered at 620 nm and does not experience a shift during irradiation.
All defects increase linearly with one another, which is characteristic of fast neutron
irradiation and is shown in Figure 22 [8]. Displacement damage is the primary effect
of fast neutrons. When they interact with a material most of their energy is deposited
in a single collision. This results in a clustering of defects, whereas gamma-rays are
more likely to deposit their energy throughout the material. The apparent sharp drop
off in absorption is due to the large concentration of defects near 500 nm.
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Table 6. Characteristics of absorption bands used for the decomposition of the RIA
curves from the FBR irradiations.
Si-NBOHC Al-OHC Unknown Interstitial O2
Spectral position, En (eV)
2.0 eV
(620 nm)
2.3 eV
(539 nm)
2.61 eV
(475 nm)
1.17, 1.1 eV
(1060, 1127 nm)
Width, wn (eV) 0.28 eV 0.35 eV 0.3 eV 0.1 eV
Energy (eV)
1 1.5 2 2.5 3
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 (
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Figure 21. Defects that contribute to attenuation in the 20 µm YDF irradiated with
the FBR.
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Figure 22. FBR RIA and defect growth comparisons. (a) Wavelength dependent
degradation as a function of dose for 20 µm fiber. (b) Defect growth rate for 20 µm
fiber.
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60Co Irradiation.
Multimode fibers of 20 µm and 10 µm core size were irradiated in two series of
experiments. The first series of experiments irradiated one 20 µm YDF and took
place over three days. The fiber was irradiated up to a total dose of 145 krad(Si) each
of the first two days at a dose rate of 32.3 krad(Si)/hr. On the third day the fiber
was irradiated for three hours up to a dose of approximately 100 krad(Si), resulting
in a total dose of 390 krad(Si). The second series of experiments irradiated one 10 µm
YDF and two 20 µm YDFs and also took place over three days. The first day a YDF
of each size was irradiated for 5 hours up to a dose of 160 krad(Si). On the second
and third days a second 20 µm YDF and the same 10 µm YDF were continuously
irradiated for 48 hours to achieve a dose of approximately 1.6 Mrad(Si). The dose
rate for the second series of experiments was 32 krad(Si)/hr.
A decrease in radiation sensitivity after multiple irradiations is shown in Figure
23. After the first irradiation the damage growth rate slows. After two consecutive
irradiation sessions the damage growth rate of the 20 µmYDF does not decrease again,
but stays the same. The recovery periods between irradiations were the same, so this
behavior could indicate that the recovery rate of the defects remains the same after
multiple irradiations, but the rate of defect formation may slow after one irradiation
where the fiber does not have time or ability to fully recover. It is also possible that
after the first irradiation, permanent defects are formed, that decrease the rate at
which defects can form during subsequent irradiations. The 1064 nm wavelength did
not show the same decrease in degradation rate after multiple irradiations, indicating
that the defect kinetics are much different in the 975-1100 nm wavelength range.
The curvature of the RIA growth in the 60Co irradiated fiber is logarithmic in
shape rather than linear as with the FBR irradiated fiber. This is shown in Figure
24. This is likely because the gamma-rays can ionize atoms and create defects very
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Figure 23. RIA at 1064 nm of a 20 µm fiber irradiated three times and a 10 µm
fiber irradiated twice. The RIA for the second irradiation is determined based on the
spectrum measured just prior to the start of irradiation.
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rapidly, but as the concentrations become saturated, the rate of defect creation slows.
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Figure 24. 60Co RIA and defect growth comparisons. (a) Wavelength dependent degra-
dation as a function of dose for 20 µm fiber. (b) Defect growth rate for 20 µm fiber.
Figure 24(a) shows that the attenuation has the greatest rate of increase at 500
nm. The 539 nm and 1060 nm wavelengths increase at similar rates indicating the
defect formation may be correlated. The same similarity in degradation was observed
in the FBR irradiation. The OSURR irradiations, however, did not show a correlation
between degradation of the 539 and 1064 nm wavelengths.
The defects contributing to attenuation in the YDF from the 60Co irradiation
are the same as those present in the FBR and OSURR irradiations as shown in
Figure 25. The NBOHC has a width larger than both the OSURR and FBR. The
defect distribution is more similar to the FBR spectrum at a low gamma dose. At
a higher gamma dose, the spectrum cannot be explained by only the three bands
with set widths. An absorption center is added at 1.5 eV (830 nm) to account for
the increased absorption from 800-1000 nm. This seems reasonable since self-trapped
holes are well known to exist at 760 and 860 nm. Interstitial O2 molecules have also
been associated with the 765 nm wavelength, so these could also be contributing to
the absorption in this range [25]. The characteristics of the primary bands are given
in Table 7.
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Table 7. Characteristics of absorption bands used for the decomposition of the RIA
curves from the 60Co irradiations.
Si-NBOHC Al-OHC Unknown Interstitial O2
Spectral position, En (eV)
2.0 eV
(620 nm)
2.3 eV
(539 nm)
2.61 eV
(475 nm)
1.17, 1.1 eV
(1060, 1127 nm)
Width, wn (eV) 0.55 eV 0.35 eV 0.3 eV 0.1 eV
Energy (eV)
1 1.5 2 2.5 3
R
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 (
dB
/m
)
0
5
10
15
20
2.61 eV (475 nm)
2.3 eV (539 nm)
2.0 eV (620 nm)
1.17 eV (1060 nm)
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Sum of Gaussians
Experimental
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Figure 25. 60Co spectra deconvolution. (a) 60Co spectrum for 20 µm fiber irradiated to
145 krad(Si). (b) Spectrum of 10 µm fiber irradiated to 1.56 Mrad(Si).
The spectrum of the 10 µm fiber irradiated to 1.56 Mrad(Si) was also deconvolved
using the five NBOHC defects specified by Dragic et al. in order to see if this would
account for the increased absorption between 700 and 1000 nm. Table 8 lists the
locations and widths of the NBOHCs. Figure 26 shows that the NBOHCs do not
explain the additional attenuation, which must still be accounted for by a band at
827 nm.
One thing of note is that the total Gaussian resulting from the five NBOHCs is
skewed, which changes the size distribution slightly between the defects at 539 and
475 nm.
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Table 8. Five NBOHCs contributing to absorption in Yb-doped fibers [30].
#
Peak Abs. Wavelength
(nm)
Peak Abs. Wavelength
(eV)
Spectral Width
(eV)
1 596 2.08 0.165
2 631 1.97 0.165
3 667 1.86 0.153
4 694 1.79 0.159
5 723 1.72 0.130
Energy (eV)
1 1.5 2 2.5 3
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 (
dB
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)
0
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2.61 eV (475 nm)
2.3 eV (539 nm)
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Sum of Gaussians
Experimental
Figure 26. Deconvolution of 60Co 1.56 Mrad(Si) spectrum with 5 NBOHCs given in
Table 8.
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Neutron versus Gamma Comparisons.
The spectra from the FBR, OSURR, and 60Co irradiations are directly compared
to each other using fits obtained from the Gaussian deconvolutions. Figure 27 shows
a comparison of the 60Co and FBR irradiations. The fits for each spectrum are
compared at similar doses. In each set of comparisons, the top figure is a comparison
made at similar gamma or neutron doses, while the bottom figure compares spectra
at doses where attenuation at the 1060 nm wavelength is similar. This approach is
taken since the shape of the spectrum in the 975-1100 nm wavelength range is similar
between all radiation sources. Overlaying spectra at doses that are normalized to
this wavelength then reveals a better differentiation of the attenuation in the spectral
range of 500-975 nm.
Figure 27(a) shows the 5 krad(Si) neutron and 20 krad(Si) gamma dose FBR
spectrum compared to the 20 krad(Si) 60Co spectrum. The comparison at the same
gamma dose shows that the fast neutron dose contributes much more significantly
to attenuation at almost all wavelengths except between 700 and 975 nm. There is
increased attenuation present from 700 to 975 nm in the gamma irradiated spectrum
even though the gamma doses contributing to both spectra are equal. This indicates
that the presence of fast neutrons in a radiation source may inhibit some damage that
would normally be caused by the ionizing radiation.
Figure 27(b) shows the 5 krad(Si) neutron dose FBR spectrum compared to the
1.4 Mrad(Si) dose 60Co spectrum. The attenuation at 1060 nm for these two irra-
diations is the same, as well as the shape of the Gaussian. The figure shows that
the neutrons contribute to increased attenuation for wavelengths of 500 nm and be-
low. The increased gamma dose contributes to attenuation from the 500 to 975 nm
wavelengths.
Figure 28 provides a comparison of the OSURR and FBR spectra. Figure 28(a) is
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Figure 27. 60Co versus FBR spectra comparison. (a) 20 krad(Si) 60Co spectrum com-
pared to the 5 krad(Si) (neutron) FBR spectrum. (b) 1.4 Mrad(Si) 60Co spectrum
versus 5 krad(Si) (neutron) plus 20 krad(Si) (γ) FBR spectrum.
53
un-normalized and directly compares the attenuation spectra at similar neutron doses.
The OSURR spectra has a much higher gamma dose, which contributes to increased
attenuation from 500 to 975 nm due to higher defect concentrations. The difference
in defect shapes can be more clearly seen in the dose normalized spectra of Figure
28(b). The neutron only radiation causes increased attenuation at 500 nm. The
gamma radiation causes increased attenuation from 500 to 975 nm, consistent with
the comparison of the FBR and 60Co spectra. The smaller difference in attenuation
near 500 nm can be attributed to the contribution of the fast neutrons from the
OSURR.
Figure 29 is a comparison of the OSURR versus 60Co irradiation. Since the OS-
URR is highly contaminated with gamma radiation it is expected that the spectra
will differ over the mainly neutron sensitive wavelengths (<500 nm) only. Figure
29(a) shows the spectra of the 20 µm fiber irradiated in the OSURR compared to the
10 µm fiber irradiated by the 60Co source.
Figure 29(b) compares the 10 µm YDF 60Co spectrum with the spectrum of the
20 µm YDF irradiated in the OSURR without the cadmium shield. The spectra
are compared at doses that produce the same attenuation near 1060 nm. The only
difference in the spectra is increased attenuation near 500 nm, where the dose from
fast neutrons contribute to the RIA. Morana et al. also compare neutron and gamma
radiation effects on an F-doped optical fiber. The radiation sources used are a research
reactor and 60Co source. They normalize their spectra to the peak attenuation that
occurs at the 620 nm wavelength and show that the neutron radiation produced
increased attenuation from approximately 400-600 nm [10], similar to what is shown
in Figure 29(b).
Another significant difference between the OSURR spectra and both the FBR
and 60Co spectra is the shape of the Gaussian in the 975-1100 nm range. The shape
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Figure 28. OSURR versus FBR spectra comparison. (a) 5 krad(Si) neutron plus 750
krad(Si) γ spectrum compared to the 5 krad(Si) (neutron) plus 20 krad(Si) γ FBR
spectrum, un-normalized. (b) 5 krad(Si) neutron plus 20 krad(Si) γ FBR spectrum
compared to the 2.2 krad(Si) (neutron) plus 450 krad(Si) γ OSURR spectrum.
55
is similar, but the Gaussian band resulting from the OSURR irradiation is slightly
shifted, so that the peak is closer to 1100 nm. The spectrum in the 975-1100 nm range
was decomposed in the previous sections using bands centered at 1060 and 1127 nm
for all three radiation sources. The band at 1127 nm appears greater in magnitude
for the OSURR irradiation, however, due to the continued rise in attenuation at 1100
nm. In the 60Co and FBR spectra, the peak attenuation appears to be at 1060 nm.
Figure 30 shows the OSURR spectrum compared to the 60Co spectrum at the
same dose with the neutron dose subtracted out. This is shown by subtracting the
attenuation seen at the FBR from the OSURR attenuation. The result is a spectral
shape that is comparable to the original 60Co spectrum and also has a similar degree
of attenuation.
The degree and character of degradation in the YDFs differs for each radiation
source. The neutron dose is far more damaging than an equal dose of gammas in
krad(Si). A fast neutron dose of 5 krad(Si) by itself has approximately the same
effect that a 1-2 Mrad(Si) dose of gammas has at the 1064 nm wavelength.
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Figure 29. 60Co versus OSURR spectra comparison. (a) 5 krad(Si) neutron plus 750
krad(Si) γ spectrum without cadmium compared to the 750 krad(Si) γ 60Co spectrum.
(b) 2.2 krad(Si) neutron plus 450 krad(Si) γ spectrum with cadmium compared to the
1.4 Mrad(Si) γ 60Co spectrum.
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Figure 30. The FBR spectrum is subtracted from the OSURR spectrum to demonstrate
the contribution of fast neutrons to attenuation in the fiber.
Recovery Analysis.
The recovery of the YDFs irradiated in the OSURR proceeds at a pace directly
related to the initial degradation. The wavelengths that experienced a faster degra-
dation experience a faster recovery. Figure 31 shows a third order polynomial fit of
the recovery data with respect to elapsed time after the reactor was shut down. The
times over which recovery measurements were collected in Figures 31(a) and 31(b)
were 18 hours and 12 minutes, respectively. The initial recovery of the fiber irradiated
in Experiment 1 occurs quickly in the first 5 hours. Table 9 shows that percentage of
recovery to be over half of the final recovery at 18.3 hours. At 18.3 hours, the fiber
recovers 34% of its original signal transmission at 650 nm and 7% of its original signal
at 1064 nm. The recovery of the YDFs after irradiation with all three sources follows
an exponential pattern and varies in rate at each wavelength.
The total dose of YDF irradiation also has a large impact on the recovery. The
58
higher the dose, the more time it takes to recover to its original signal intensity.
The total combined neutron and gamma dose of the YDF in Experiment 1 was 22.7
Mrad(Si), Experiment 2 was 27.2 Mrad(Si), and Experiment 3 was 6.8 Mrad(Si). The
20 µm YDF in Experiment 3 was irradiated to approximately one third the dose of
the YDF in Experiment 1, but between 60-80% of the recovery was achieved in 1%
of the time. The 1064 nm wavelength experienced the largest percentage of recovery
in the 20 µm YDF, however, the signal degradation was greater than for the 10 µm
fibers.
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Figure 31. Recovery of YDFs irradiated in the OSURR. (a) Recovery of 10 µm YDF
(Experiment 1) over 18 hours. The YDF was irradiated for 2.5 hrs to a total combined
neutron and gamma dose of 22.7 Mrad(Si). (b) Recovery of 20 µm YDF (Experiment 3)
over 12 minutes. The YDF was irradiated for 45 minutes to a total combined neutron
and gamma dose of 6.8 Mrad(Si).
Table 10 shows the growth and recovery rates of RIA at select wavelengths. Re-
covery data was taken from the end of irradiation up to about 30 minutes after. The
speed of the recovery follows the rate of RIA growth: the faster the RIA growth, the
faster the recovery. Wavelengths whose RIA growth rates were closely matched also
have recovery rates that are closely matched. The recovery percentages of Experiment
1 at 30 minutes are compared to the FBR recovery percentages. The comparison in-
dicates that the recovery rate is directly dependent on the length of time the fiber
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Table 9. Percentage of YDF recovery from initial losses at select times post irradiation.
Experiment 1 recovery measurements were taken for 18.3 hours, Experiment 2 for 17.7
hours, and Experiment 3 for 12 minutes.
λ
(nm)
Recovery (%)
Experiment 1
at 5 hrs
Rec. (%)
Exp. 1
at 18.3 hrs
Rec. (%)
Exp. 2
at 5 hrs
Rec. (%)
Exp. 2
at 17.7 hrs
Rec. (%)
Exp. 3
at 12 min
500 7.66 13.87 1.96 13.8 12.23
539 11.18 20.95 7.81 18.44 18.25
620 18.9 33.57 11.55 21.43 19.86
650 20.83 34.12 14.46 25.02 19.66
1064 5.16 6.87 0 4.77 11.07
is irradiated as well as the degree of degradation it experiences. Wavelengths near
500 nm experienced greater degradation due to the higher ratio of fast neutrons to
gammas, so the total recovery is higher. The 650 nm wavelength, which was highly
affected in the OSURR irradiations experiences a greater overall percentage of recov-
ery.
Table 10. Rates of degradation and recovery for YDF irradiated for 5 hours to a
combined gamma and neutron dose of 25 krad(Si) in the FBR. Recovery measurements
were taken for 32 minutes. The recovery measurements from OSURR Experiment 1
for 32 minutes are also shown as a comparison.
Wavelength
(nm)
Degradation
Rate
(dB/m/krad(Si))
Degradation
Rate
(dB/m/s)
Recovery
Rate
(dB/m/s)
Recovery
(%)
FBR
Recovery
(%)
OSURR
500 4 0.00111 0.000833 2.94 0.94
539 2.4 0.00067 0.000437 2.49 1.27
620 1.4 0.00039 0.000113 2.9 2.17
650 1 0.00028 0.000158 0.88 2.71
1000 0.8 0.00022 0.0000982 1.78
1064 2 0.00056 0.000416 1.34 0.82
Since the rate of degradation of the fiber irradiated with the 60Co source is not
as linear as the rate at the FBR over the course of 5 hours, the degradation rate is
only an average taken from the data in Figure 24. Table 11 shows the degradation
and recovery rates for select wavelengths. Its intention is to show the relationship
between the average rate of degradation up to a finite time versus the rate of recovery
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of the fiber.
Over a similar time period (4.5 versus 5 hours), the rate of degradation in the
YDF irradiated by the 60Co source at 32.3 krad(Si)/hr follows closely with the rate
of degradation of the fiber irradiated at the FBR, as shown in Figure 32. The rate
of degradation is larger at the 500 nm wavelength for the FBR irradiated YDF,
but the rate of degradation is closely matched between the two radiation sources at
other wavelengths. The rates of recovery appear to be less closely matched, with the
FBR having a faster rate over all wavelengths. The recovery time periods covered
are different, however, with the FBR recovery time period covering only 30 minutes,
and the 60Co recovery time period covering 77 minutes. It has been seen that the
initial rate of recovery is very rapid and then slows, which results in the lower average
recovery rate for the 60Co irradiated fiber.
Table 11. Rates of degradation and recovery for 20 µm YDF irradiated for 4.5 hours
to a dose of 145 krad(Si). Recovery data was collected for 77 minutes.
Wavelength
(nm)
Degradation Rate
(dB/m/s)
Recovery Rate
(dB/m/s)
Recovery
(%)
500 0.00087 0.000558 7.76
539 0.00061 0.000338 5.86
620 0.00031 0.000078 1.76
650 0.00029 0.000030 0.69
1000 0.00021 0.0000047 1.19
1064 0.00043 0.000255 5.33
Information about the initial and long term recovery rates associated with different
total doses and dose rates can be used to estimate the time to when a device may be
operational again after exposure to radiation. The recovery prediction model shown
in Section 4 can also be useful if this initial recovery relationship is established.
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Figure 32. Plot of data from Tables 10 and 11 showing similar relationship between
degradation and recovery rates at select wavelengths in the fiber. The similar relation-
ship between the 60Co and FBR degradation and recovery rates is also shown. Data
points are connected to show the overall trend.
Recovery Prediction Model.
Losses are thought to occur as a result of defect centers created by electron and/or
hole trapping during irradiation and by the creation of vacancy/interstitial pairs.
Analysis suggests there is a set (or continuum) of defect subpopulations character-
ized by the rate-constant pairs (K, R), where K is the growth rate and R is the
recombination rate.
The model is developed under the premise that the underlying kinetic rate con-
stants are truly constant (i.e., independent of dose and time). From analysis of
recovery data, this does not seem to be the case for the fibers studied. The recovery
of the YDF is dependent on the total dose and time as evidenced by the recovery
of the fiber irradiated for 2.5 hours and the YDF irradiated for 45 minutes in the
OSURR.
The prediction model was compared to actual recovery data taken from the FBR,
OSURR, and 60Co irradiator. Recovery data was collected over long and short lengths
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of time for varying total doses of radiation. It was found that the initial rate of
recovery of the fibers is faster than what is predicted. The recovery rate of the fibers
is dependent on both the dose rate and total dose of radiation (length of irradiation)
that the fiber receives.
The model was adjusted based on the initial recovery of the fiber in the first 10-15
minutes after irradiation and then compared to actual data to determine whether this
would allow recovery prediction out to longer periods of time. Figure 33 shows a high
order fit of the recovery data compared to the prediction model at various lengths of
time. The empirical C value, or magnitude, of the RIA degradation is adjusted so
that the recovery of the fiber at 10 minutes aligns with the endpoint of the recovery
prediction model. Once this has been modified, no other parameters are adjusted,
and the prediction model is run for longer periods of time against the actual recovery
data. The comparisons show that the model does a reasonable job of predicting the
recovery endpoint at subsequent times.
The same method is applied to the FBR and OSURR data, as shown in Figures
34 through 36. The recovery of the first three wavelengths (539, 620, and 650 nm)
are predicted relatively well for all three radiation sources. The 1064 nm wavelength,
however, does not experience as much recovery is predicted at longer lengths of time.
The start of the recovery data appears to shift in some of the OSURR plots due to
the way the data was fit. The endpoints of the recovery fit are valid, however.
The recovery over all wavelengths is exponential in that there is an initial recovery
that occurs at a fast rate, but slows to a point where full recovery would not occur,
or would take a large amount of time. This implies that some defects would be
relatively permanent. The recovery prediction model doesn’t account for the slowing
or eventual end of recovery, but continues to predict recovery to the fibers’ original
transmission intensity. Due to this it is not a good predictor of the fiber’s recovery
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over very long periods of time.
The model predicts the recovery of the fiber based solely on the dose rate, the
total dose of radiation the fiber receives, and the empirical values determined from
the power law equation. The f value for all wavelengths transmitted through a fiber
should be roughly the same, meaning the rate of recovery predicted by the model will
be approximately equal for all wavelengths, even though the actual recovery rates
may be different due to the differing kinetics of the various defects contributing to
RIA. The f values averaged to 0.85 for the FBR irradiated YDF, 0.4 for the 60Co
YDFs, and 0.1 for the YDFs irradiated in the OSURR. The f values determined
from the 60Co data were used in the prediction of the FBR recovery, and the f values
determined from the degradation of the fiber in the OSURR experiment with Cd
were used to predict the recovery of the fiber from the no-Cd experiment. The order
of kinetics used for the FBR and 60Co recovery data was n = 2, while the order of
kinetics used for the OSURR data was n = 5.
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Figure 33. Prediction model versus actual recovery data for 60Co irradiation. The
dashed line is the prediction, and the solid line is the experimental data. (a) Recovery
of YDF at 10 minutes. (b) 20 minutes. (c) 30 minutes. (d) 40 minutes. (e) 50 minutes.
(f) 77 minutes.
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Figure 34. Prediction model versus actual recovery data for FBR irradiation. The
dashed line is the prediction, and the solid line is the experimental data. (a) Recovery
of YDF at 5 minutes. (b) 10 minutes. (c) 20 minutes. (d) 30 minutes.
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Figure 35. Prediction model versus actual recovery data for OSURR irradiation with
the cadmium box. The dashed line is the prediction, and the solid line is the experi-
mental data. (a) Recovery of YDF at 10 minutes. (b) 20 minutes (c) 60 minutes. (d)
3 hours. (e) 10 hours. (f) 18 hours.
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Figure 36. Prediction model versus actual recovery data for OSURR irradiation with-
out the cadmium box. The dashed line is the prediction, and the solid line is the
experimental data. (a) Recovery of YDF at 15 minutes. (b) 1 hour. (c) 3 hours. (d)
10 hours. (e) 15 hours. (f) 18 hours.
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5. Conclusions
Neutron versus Gamma Effects.
The AlOHC and NBOHC are the two known primary defects that globally lead to
attenuation in the fiber from all radiation sources used in the experiments. A defect
that was not able to be identified near 500 nm contributes to most of the attenuation
seen at this wavelength for fast neutrons. The defects in this region may cause
attenuation in the wavelengths primarily of interest for the operation of amplifiers
and lasers if they become coordinated to Yb ions or the Gaussian bands have long
tails that extend in to the IR region. The results of the experiments, however, did not
show defects in the visible region with tails extending into the IR range. There are
also defects that contribute to increased attenuation from 975-1100 nm that are not
well known. It has been speculated that the main defect responsible is the creation
of interstitial O2 molecules in SiO2.
The NBOHC concentration seems to be strongly related to the ratio of ionizing
radiation to fast neutrons. A comparison of the 60Co and FBR data at the same
dose of gamma-rays indicates that absorption induced in the wavelength range from
700-900 nm is influenced by a high concentration of only ionizing radiation. The YDF
irradiated at the FBR experienced virtually no attenuation in this range, even with
the same dose of gammas. The dependence on the formation of NBOHCs also seems
to correspond to the doping concentration in the fiber. The 10 µm YDFs, which had
specifications indicating they had the highest doping concentration, experienced high
concentrations of NBOHCs at low doses in the OSURR irradiation, while the 20 µm
YDF experienced a lesser formation of NBOHCs in comparison to other visible range
defects. This would indicate that the types of defects formed have a strong correlation
with fiber composition as well as the radiation type.
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The wavelengths over which each radiation source increases attenuation is:
• 60Co versus FBR: 550-975 nm (60Co), <550 nm (FBR)
• OSURR versus FBR: 550-975 nm (OSURR), <550 nm (FBR)
• OSURR versus 60Co: <600 nm (OSURR)
This indicates that the increased attenuation from 550-975 nm is distinct to ioniz-
ing radiation and the increased attenuation below approximately 600 nm is a primarily
result of neutron irradiation (potentially fast neutron irradiation causing displacement
damage in particular).
The degree of attenuation as a result of fast neutron radiation is much higher than
that observed from gamma-only radiation at comparable doses. The main spectral
differences as a result of neutron irradiation are seen near the 500 nm wavelength.
The attenuation in the 975-1100 nm range is affected by both neutron and gamma
radiation similarly with as a function of dose. The shape of the spectrum is the same
for the gamma only and neutron only irradiations, indicating that the defect kinetics
at those wavelengths is the same. The OSURR spectrum shape was slightly different
in this region, however, indicating that a mix of gamma and neutron radiation causes
higher order kinetics to take place. The recovery prediction model also indicated this,
as the order of kinetics used to predict recovery of the OSURR irradiated fibers was
n = 5, while the order of kinetics used for both the FBR and 60Co was n = 2.
The similarity of the spectral shape and attenuation in the absorption and emission
range of the Yb-doped fibers suggests that the attenuation from the fast neutrons can
be approximated using gamma-only radiation as the test source. The shape of the
spectrum is the same for the neutron-only and gamma-only irradiation regardless
of the total dose and dose rate. The attenuation is larger at lower, neutron doses,
though, so a dose to RIA equivalency between radiation sources would need to be
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better established. The dose uncertainty in the 60Co irradiation was large, so in the
future it may be beneficial to use TLDs to gain more accurate dose measurements
associated with RIA.
Recovery Prediction Model.
The rate of recovery of the Yb-doped fibers follows a highly exponential curve.
As a result, the recovery prediction model is unable to accurately approximate the
recovery of the fiber at short times following exposure to high dose rate irradiation.
If the initial recovery is accounted for by adjusting the magnitude parameter of the
model, however, it is able to approximate the recovery of the fiber out to longer
periods of time. The model was only able to be compared to data out to 18 hours,
however, so it is unknown to what extent the prediction model remains accurate.
The model also will not accurately predict the recovery of the 1064 nm wavelength at
longer recovery times, due to the increased rate at which the recovery slows compared
to other wavelengths.
Future Work and Recommendations.
There is still knowledge lacking on the effects of fast neutrons on Yb-doped fibers.
Additional neutron-only exposures should be performed on the fibers in order to gain
a better understanding of the defect kinetics. Additional longer-time recovery data
should also be collected for neutron-only irradiations to further that knowledge. The
recovery prediction model should also be modified to incorporate the faster rate of
initial recovery to gain an accurate prediction of the recovery of Yb-doped fibers
within the first few minutes post irradiation. This could probably be accomplished
through fitting the initial recovery data and adding a separate component to the
equations used to predict the recovery.
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